Multiband CCD photometric observations of SZ Her were obtained between 2008 February and May. The light curve was completely covered and indicated a significant temperature difference between both components. The light-curve synthesis presented in this paper indicates that the eclipsing binary is a classical Algol-type system with parameters of q=0.472, i=87 • .57, and ∆(T 1 -T 2 )=2,381 K; the primary component fills approximately 77% of its limiting lobe and is slightly larger than the lobe-filling secondary. More than 1,100 times of minimum light spanning more than one century were used to study an orbital behavior of the binary system. It was found that the orbital period of SZ Her has varied due to a combination of two periodic variations with cycle lengths of P 3 =85.8 yr and P 4 =42.5 yr and semi-amplitudes of K 3 =0.013 d and K 4 =0.007 d, respectively. The most reasonable explanation for them is a pair of light-time effects (LITEs) driven by the possible existence of two M-type companions with minimum masses of M 3 =0.22 M ⊙ and M 4 =0.19 M ⊙ , that are located close to the 2:1 mean motion resonance. If two additional bodies exist, then the overall dynamics of the multiple system may provide a significant clue to the formation and evolution of the eclipsing pair.
INTRODUCTION
SZ Her (BD+ 33 o 2930 , GSC 2610 -1209 , HIP 86430, TYC 2610 -1209 is an Algol-type system with an orbital period of 0.818 d and was announced to be a variable by Ceraski (1908) and also Dunér et al. (1909) . Although the first observations of the system date back to 1902 (Shapley 1913; Russell & Shapley 1914; Dugan 1923) , its properties are poorly known compared to those of other short-period Algols. To date in the published literature, only one light-curve analysis has been published and it was presented by Giuricin & Mardirossian (1981) . They analyzed the two-color photoelectric light curves of Broglia et al. (1955) using the WINK model (Wood 1972) and concluded that the system is a semi-detached Algol-type binary with a mass ratio of q=0.4, an orbital inclination of i=87 • .9, and a temperature difference between the components of ∆T =2,600 K. Recently, Székely (2003) and Dvorak (2009) performed CCD observations in order to locate δ Scuti-type pulsations but failed to detect them.
Although the orbital period of SZ Her has been examined several times (Kreiner 1971; Mallama 1980; Zavala et al. 2002) , a detailed study of its orbital period was made by Székely (2003) and Soydugan (2008) . They reported that the period change can be described using either a sine curve or a single light-time effect (LITE) ephemeris due to a third body with implied periods of 66 and 71 yr, respectively. Soydugan (2008) also suggested that the timing residuals from the LITE fit indicate an additional short-term oscillation with a period within about 20 yr. More than one thousand eclipse timings, spanning ∼ 110 yr, should be sufficient to resolve the confusion regarding the orbital behavior of SZ Her. Nonetheless, the period variation of this system has not yet been studied as conclusively as required. In this article, a new photometric study of SZ Her based on modern observations and analyses is presented, and it is demonstrated that the SZ Her system is likely a quadruple one containing two low-mass companions.
NEW OBSERVATIONS
We performed new CCD photometry of SZ Her on 13 nights from 2008 February 28 through May 17. The observations were taken with a SITe 2K CCD camera and a BV RI filter set attached to the 61-cm reflector at Sobaeksan Optical Astronomy Observatory (SOAO) in Korea. The instrument and reduction method used were the same as those described by Lee et al. (2007 Lee et al. ( , 2010b . GSC 2610-1116 (BD + 33 o 2925, TYC 2610-1116-1) and GSC 2610-0821, imaged on the chip at the same time as the program target, were selected as comparison and check stars, respectively. The 1σ-values of the dispersions of the magnitude differences between these stars are within ±0.01 mag for all bandpasses. The coordinates and Tycho magnitudes for the three stars of interest are given in Table 1 . A total of 1,728 individual observations were obtained among the four bandpasses (435 in B, 437 in V , 439 in R, and 417 in I) and a sample of them is listed in Table 2 . The light curves of SZ Her defined by the SOAO observations are plotted in Figure 1 as the (V−C) differential magnitudes versus orbital phase, which was computed according to the ephemeris for our binary model determined later in this article with the Wilson-Devinney synthesis code (Wilson & Devinney 1971, hereafter W-D) .
In addition to these complete light curves, two eclipse timings were observed in 2004 June and 2011 May using the same telescope. The 2004 data were collected using the SITe 2K CCD camera and B filter, and the 2011 ones using an FLI IMG4301E CCD camera and BV filters. GSC 2610-1116 also served as the comparison star for these data collections. Details of the new detector have been given previously by Lee et al. (2011) .
LIGHT-CURVE SYNTHESIS AND ABSOLUTE DIMENSIONS
The shape of the light curve of SZ Her is very similar to that of Algol type. As shown in Figure 1 , the light curve was completely covered and the depth differences between the primary and secondary eclipses indicate a significant temperature difference between the two components. In order to understand the physical properties of the system, the BV RI light curves in this study were analyzed simultaneously in a manner almost identical to those for XX Cep (Lee et al. 2007) and CL Aur (Lee et al. 2010a ) using the 2003 version 1 of the W-D code and the so-called q-search procedure (cf. Lee et al. 2008) . In this paper, the subscripts 1 and 2 refer to the primary and secondary stars being eclipsed at Min I (at phase 0.0) and Min II, respectively.
The surface temperature of the hotter, and presumably more massive, primary star was assumed to be T 1 =7,270 K from Flower's (1996) (Høg et al. 2000) and E(B−V )=+0.035 calculated following Schlegel et al. (1998) . The gravity-darkening exponents were initialized at standard values of g 1 =1.0 and g 2 =0.32 and the bolometric albedos at A 1 =1.0 and A 2 =0.5, as surmised from the components' temperatures. Linear bolometric and monochromatic limb-darkening coefficients were interpolated from the values of van Hamme (1993) in concert with the model atmosphere option. Furthermore, a synchronous rotation for both components and a circular orbit were adopted and the detailed reflection effect was considered.
The only photometric solution of SZ Her was reported by Giuricin & Mardirossian (1981) 30 years ago and a spectroscopic orbit has not yet been established. Thus, an extensive q-search procedure was conducted for a series of models with varying q values. In this process, we first considered the orbital inclination (i), effective temperature (T ), dimensionless surface potential (Ω), and luminosity (L 1 ). This procedure showed acceptable photometric solutions for mode 5 only, which are semi-detached systems for which the less massive secondary stars accurately fill their inner Roche lobes. As displayed in Figure 2 , the q-search results indicate that the minimum value of the weighted sum of the squared residuals (Σ) is approximately q=0.49. Then, we treated this q value as an adjustable parameters and included limb-darkening coefficients, albedos, and gravity darkening exponents as additional free variables. The final values are given in Table 3 and are plotted in Figure 1 as solid curves. In the figure, the model light curves describe the SOAO multiband data satisfactorily. Our light-curve synthesis demonstrates that SZ Her is an Algol-type semi-detached system in which the primary component fills its limiting lobe by approximately 77% and is slightly larger than the lobe-filling secondary component. The gravity darkening exponent of the secondary component is consistent with the standard convective g value, while its albedo is close to the standard radiative A value. In these analyses, we searched for a possible third light source but found that the parameter remained zero within its error.
The dereddened color (B − V ) 0 =+0.29 and temperature of the primary component correspond to a normal main-sequence star with a spectral type of about A9. We estimated the absolute dimensions for the binary system from our photometric solution and from Harmanec's (1988) relation between the spectral type and stellar mass. These are given in Table 4 , where the luminosity (L) and bolometric magnitudes (M bol ) were computed by adopting T eff ⊙ =5,780 K and M bol⊙ =+4.73 for solar values. For the absolute visual magnitudes (M V ), we used the bolometric corrections (BCs) appropriate for the temperature of each component from the expression between log T and BC given by Torres (2010) . With an apparent visual magnitude of V =+10.06 and the interstellar absorption of A V =0.11, we calculated the distance of the system to be 294 pc. This result is consistent with 306 pc taken from the trigonometric parallax (3.27±1.09 mas; Perryman et al. 1997) .
A comparison of the SZ Her parameters with the mass-radius, mass-luminosity, and HertzsprungRussell (HR) diagrams (İbanoǧlu et al. 2006) clearly demonstrates that the primary component lies in the main-sequence band, while the secondary is slightly beyond the terminal-age main sequence and its radius and luminosity are about two times oversized and more than four times overluminous compared with dwarf stars of the same mass. In these diagrams, the locations of the two components conform to the general pattern of classical Algols. The mass and temperature of the secondary star correspond to a spectral type of approximately K2 to K3.
ORBITAL PERIOD STUDY
From the current observations, six new times of minimum light and their errors were determined using the method of Kwee & van Woerden (1956) and with the weighted mean for the values in each filter. These are listed in Table 5 , wherein 73 additional eclipses were obtained using the data from the WASP (Wide Angle Search for Planets) public archive (Butters et al. 2010) . For ephemeris computations, we have collected a total of 1050 timings (949 visual, 20 photographic, 16 photoelectric and 65 CCD) from the literature (Kreiner et al. 2001; Baldwin & Samolyk 2002 Locher 2002a Locher , 2002b Bakiş et al. 2003; Székely 2003; Diethelm 2003 Diethelm , 2004 Nelson 2005; Cook et al. 2005; Kim et al. 2006; Nagai 2004 Nagai , 2006 Hübscher, et al. 2006 Hübscher, et al. , 2009 Senavci et al. 2007; Samolyk 2008a Samolyk , 2008b Brát et al. 2008; Liakos & Niarchos 2009; Dogru et al. 2009 Dogru et al. , 2011 Dvorak 2010; Erkan et al. 2010; Hübscher & Monninger 2011) to add to the current measurements. Most earlier timings were extracted from the database published by Kreiner et al. (2001) . The secondary minima are much shallower than the primary ones and the O-C residuals from the two eclipse types are in phase with each other. Thus, we did not use all secondary eclipses in the subsequent analysis. Because many timings have been published without errors, the following standard deviations were assigned to the timing residuals based on an observational technique: ±0.0036 d for visual, ±0.0020 d for photographic, and ±0.0013 d for photoelectric and CCD minima. Relative weights were then scaled from the inverse squares of these values (Lee et al. 2007 ).
Previous researchers (Székely 2003; Soydugan 2008) have suggested that the period variations of SZ Her can be represented using an LITE caused by the presence of a third body in the system. First of all, we fitted the minimum epochs to the single LITE ephemeris as follows:
where τ 3 is the LITE due to a hypothetical distant companion to the eclipsing close pair (Irwin 1952 (Irwin , 1959 and includes five parameters (a 12 sin i 3 , e, ω, n, T ). The Levenberg−Marquardt (LM) technique (Press et al. 1992 ) was used to evaluate the seven parameters of the ephemeris. The results are summarized in column (2) of Table 6 , together with their related quantities. As displayed in Figure 3 , the single LITE ephemeris failed to provide a satisfactory result.
Because the timing residuals in the lower panel of the figure indicate the existence of further effects, some combination of long-and short-term period variations appears possible. Using the PERIOD04 program (Lenz & Breger 2005) , which can extract individual frequencies from the multi-periodic content of an astronomical time series containing gaps, we looked to see if the O-C 1 residuals from the linear terms represent multi-periodic variations. As can be seen from Figure 4 , two frequencies of f 1 =0.0000353 cycle d −1 and f 2 =0.0000706 cycle d −1 were detected corresponding to 77.6 yr and 38.8 yr, respectively. Therefore, after considering the two periods and testing several other forms, such as a quadratic plus single-LITE ephemeris, a two-LITE ephemeris and a quadratic plus two-LITE ephemeris, we found that the times of minimum light are best fitted using the following ephemeris:
where τ 3 and τ 4 are the light times due to a third and fourth body, respectively. The LM method was applied again in order to simultaneously locate the LITE parameters of the third and newly assumed fourth bodies. The calculations converged quickly to yield the entries listed in columns (3)-(4) of Table 6 . The O-C 2 residuals from the linear terms are plotted in the top panel of Figure  5 . The second and third panels display the τ 3 and τ 4 orbits, respectively, and the bottom panel represents the residuals from the full ephemeris. The long-term orbit (τ 3 ) are currently preliminary because about 1.3 cycles of the 86-yr period have been covered, while the short-term orbit (τ 4 ) has a relatively high determinacy because the observations have already covered about 2.6 cycles.
On the other hand, it is alternatively possible that the O-C diagrams may be described by abrupt period changes instead of continuous period variations. As displayed in Figures 3 and 5 , the orbital period of SZ Her seemed to experience period jumps around years 1920, 1960, 1978, 1987, 2002, and 2008 . They could possibly have been produced either by episodic mass transfer events or by impulsive mass ejections from one (or both) component(s). Assuming constant periods before and after the years, we applied linear least-squares fits separately to the seven sections. The results are plotted as the thick lines in the top panel of Figure 5 . A combination of the straight lines resulted in a larger χ 2 = 1.031 than the two-LITE ephemeris. As seen in the figure, the sudden period changes seem to have alternated cyclically in algebraic sign. Then, the alternating sign changes would require some preferred reciprocating mechanism. However, in view of the semidetached nature of the binary, no pair of unstable locales is obvious and then it is difficult for the jumps to produce perfectly smooth and tilted periodic components in the O-C residuals. These might be an indication of sinusoidal variations rather than abrupt period changes.
DISCUSSION
For the eclipsing binary SZ Her we obtained six times of minimum light from the eclipse light curves using the 61cm-reflector at SOAO. This data set was further augmented with additional photometric data provided by the WASP public archive. These two data sets were added to previous measurements of minimum light from earlier epochs. We then carried out a detailed analysis of the resulting O-C diagram by fitting Keplerian LITE models to the data set. The best fit to the data suggests the existence of two companions with the orbital parameters listed in Table  6 . The period ratio of P 3 /P 4 =2.02±0.06 would suggest that the two companions are in a 2:1 mean motion orbital resonance. We think that a long-term gravitational interaction between the two objects would result in capture into the 2:1 resonant configuration (cf. Kley et al. 2004 ). To our knowledge, this would be the fourth case when two circumbinary companions would be in or close to any kind of resonance. Lee et al. (2009) If the two circumbinary objects are on the main sequence and in the orbital plane (i=87 • .57) of the eclipsing pair SZ Her, the masses of the third and fourth bodies become M 3 =0.22 M ⊙ and M 4 =0.19 M ⊙ , respectively. Following the empirical relations presented by Southworth (2009) , the radii and temperatures are calculated to be R 3 =0.23 R ⊙ and T 3 =3018 K, and R 4 =0.20 R ⊙ and T 4 =3008 K for the third and fourth bodies, respectively. These values correspond to a spectral type of about M6-7 for both bodies and contribute only 0.1% to the total bolometric luminosity of the supposed quadruple system. The semi-amplitudes of the systemic radial velocity variation of the eclipsing pair due to the additional objects are approximately 1 km s −1 . The two limits indicate that it will be difficult to detect these companions orbiting the eclipsing binary independently from spectroscopic data. This difficulty is further substantiated due to the large orbital periods suggested by the derived LITE models. However, the semi-major axes of the third and fourth companions relative to the binary center of mass are about 26.6 AU and 16.5 AU, respectively, corresponding to the angular sizes of 0.09 arcsec and 0.05 arcsec. The (V − K) color index for such M-type stars is about +7.3 mag, so the objects can be as bright as K ∼ 13 mag. Hence, they might be detected by careful observations with infrared photometry and direct speckle imaging interferometry.
In classical Algols, another possible mechanism for the period modulations is a magnetic activity cycle for systems with a secondary spectral type later than F5 (Hall 1989; Applegate 1992 ).
According to this mechanism, the variable rotational oblateness of a magnetically active star produces a change in its gravitational quadratic moment, hence forcing a change in the orbital period. With the periods and amplitudes for the two-LITE listed in Table 6 , the model parameters were calculated for the secondary components from the Applegate formulae. The parameters are listed in Table 7 , where the rms luminosity changes (∆m rms ) converted to magnitude scale were obtained using equation (4) in the paper of Kim et al. (1997) . The variations of the gravitational quadrupole moment (∆Q) are two orders of magnitude smaller than the typical values of 10 51 − 10 52 for close binaries (Lanza & Rodono 1999) . Recently, Lanza (2006) noted that the Applegate mechanism is not sufficiently adequate to explain the period modulation of close binaries with a late-type secondary. These suggest that this kind of mechanism cannot explain the observed period variations of SZ Her.
Because SZ Her is in a semi-detached configuration with the less massive secondary component filling its inner Roche lobe, from both theoretical and intuitive viewpoints, a period increase could be produced through mass transfer from the secondary to the primary star. This implies that a long-term secular variation may be hidden in the O-C data set and the Algol system may be in a weak phase of mass transfer. As listed in columns (5)- (6) of Table 6 , fitting the eclipse timings to a quadratic plus two-LITE ephemeris indicates that the quadratic term (Q) represents a continuous period increase with a rate of dP /dt = +2.5×10 −10 d yr −1 . From these fits, it was found that this contribution is not significant and a secular term does not adequately describe the timing data, showing a larger χ 2 value. Furthermore, this value corresponds to a mass transfer rate of 1.4×10 −10 M ⊙ yr −1 , which is found to be the smallest rate amongst the classical semi-detached Algol-type systems. No difference in the final fitted parameters is observed when comparing the two-LITE (χ 2 = 1.013) and quadratic plus two-LITE (χ 2 = 1.014) timing ephemeris. We are therefore left with the two-LITE ephemeris as a candidate that best explains the compiled timing data set of SZ Her with a possible mass transfer being negligible in this description. If the existence of the third and fourth components in SZ Her is true, they may have played an important role in the formation and evolution of the semi-detached eclipsing system, which may ultimately evolve into a contact configuration by re-distributing most of its angular momentum to the outer circumbinary companions. When more systematic and continuous observations (e.g., eclipse timings and spectroscopy) are undertaken, all of this is understood better than now and the absolute dimensions and evolutionary status of this system will be advanced greatly.
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